Rare-earth-ion doped crystals are state-of-the-art materials for optical quantum memories and quantum transducers between optical and microwave photons. Here we describe our progress towards a nanophotonic quantum memory based on a rare-earth (Neodymium) doped yttrium orthosilicate (YSO) photonic crystal resonator. The Purcell-enhanced coupling of the 883 nm transitions of Neodymium (Nd 3+ ) ions to the nano-resonator results in increased optical depth, which could in principle facilitate highly efficient photon storage via cavity impedance matching. The atomic frequency comb (AFC) memory protocol can be implemented in the Nd:YSO nano-resonator by efficient optical pumping into the long-lived Zeeman state. Coherent optical signals can be stored and retrieved from the AFC memory. We currently measure a storage efficiency on par with a bulk crystal Nd:YSO memory that is millimeters long. Our results will enable multiplexed on-chip quantum storage and thus quantum repeater devices using rare-earth-ions.
INTRODUCTION
Quantum light-matter interfaces (QLMIs) are essential components in future quantum optical networks that reversibly map stationary qubits (such as in atoms, trapped ions or superconducting circuits) to photons. They will find applications for long-distance quantum communications, 1 global distribution of clocks, 2 and studies of fundamental physics. 2 The QLMIs can be built from quantum light emitters with internal quantum states controllable by optical fields and coupled to photons . Scalable and robust QLMIs require emitters to have long spin coherence times and coherent optical transitions. Furthermore, in integrated optical quantum networks, these emitters need to be coupled to optical resonators that confine the photons in a single mode and further couple them into optical fibres. The solid-state emitters most investigated so far for on-chip QLMIs are semiconductor quantum dots (QDs) 8 and nitrogen vacancy centers in diamond (NVs). 9 To date, complete quantum control of single QD and NV spins, spin-photon entanglement, and entanglement of distant NVs via photons have been realized. 3, 5, 7 Both QDs 4 and NVs 6 have been coupled to optical nano-cavities. However, the challenge in growing optically identical QDs limits their usability for a scalable architecture. 8 NVs embedded in nanostructures have long electronic spin coherence times, 9 but suffer from optical spectral instabilities such as blinking and spectral diffusion.
10 These spectral instabilities have made it difficult to coherently control NV centers via cavity field in nano-resonators.
REIs embedded in host crystals at cryogenic temperatures exhibit highly coherent quantum states in the 4f orbital.
11 The hyperfine states of REIs can have spin coherence times as long as six hours, 12 the longest ever demonstrated in a solid. These states are connected via optical transitions with the narrowest linewidth in the solid state (sub-kHz) and small inhomogeneous broadening (MHz to GHz). 13 This outstanding optical and spin coherence makes REI-doped crystals the state-of-the-art material for macroscopic solid-state optical quantum memories. [14] [15] [16] Integrated REI-doped waveguide quantum memories have also been developed. 17 Detection and control of single REI spins has been recently demonstrated in bulk material, but not using the transitions employed in optical quantum memories.
18, 19
The integration of rare-earth ions in an on-chip quantum nanophotonic platform would enable multiplexed quantum repeaters and scalable quantum networks where REI ensembles act as quantum memories and single REIs act as qubits. 20 , 26 Here we demonstrate optical storage in a Rare-earth-doped Yttrium orthosilicate Y 2 SiO 5 (YSO) photonic crystal nano-beam resonator with small mode volume of 1.6 cubic wavelengths. The coupling of the 883 nm 4 I 9/2 -4 F 3/2 transition of Neodymium (Nd 3+ ) ions to the nano-resonator resulted in an increased optical depth, which facilitates efficient photon storage via cavity impedance matching.
21 Lifetime-limited optical coherence time T 2 of 100 µs at 3.6 K with low spectral diffusion was measured using photon echo technique. Our results point at a viable technology for on-chip quantum storage using rare-earth-ions. Figure 1 . Scanning electron microscope images of the device. 22 The red inset is a zoomed-in view of the 45
• angle-cut coupler that allows vertical coupling of light from a microscope objective. The blue inset shows the grooves forming the photonic crystal. Schematics of the resonator with simulated field profiles of the fundamental TE mode is also shown. The TE polarization aligns with the D1 axis of the YSO crystal. A magnetic field of 300 mT is applied in the D1-D2 plane,typically at an angle of α=135
• with respect to D1 axis.
DESIGN AND FABRICATION OF YSO NANOPHOTONIC RESONATORS
Many photonic crystal cavity designs use circular perforations in the center of a 1-D nanobeam to create a photonic bandgap and use modulations of the perforations geometry to obtain a local cavity mode within the structure. When using focused ion beam milling, this method presents difficulty for making high-Q cavities largely due to misalignment of the perforations with respect to the nanobeam axis. To minimize this issue, a photonic crystal cavity design consisting of a triangular nanobeam with a lattice of sub-wavelength grooves is proposed. The pattern of grooves on the triangular beam is milled across the entire beam width, which eases the alignment of the grooves to the nanobeam. Another benefit of the triangular nanobeam design is that all its dimensions can be globally scaled to attain resonances in a wide spectral range on the same chip. This flexibility is generally less available for photonic devices fabricated on thin films, for which a different thin film thickness is required to match specific resonance wavelengths.
We fabricated triangular nano-beam resonator in YSO using focused ion beam milling. [22] [23] [24] [25] 28 The SEM images of the Nd:YSO devices are shown in Fig. 1 . Two coupling ports were milled at both ends of the beam at 45
• with respect to the sample surface to permit broadband excitation and collection through the cavity mirrors.
The coupling efficiency of each coupler was ∼20% on average. The cavity transmission signal was collected vertically using a confocal microscope setup. We also fabricated resonators of varying dimensions to operate at visible, near infrared and telecom wavelengths. 23 They were designed to couple to different rare-earth ions including Europium, Praseodymium, and Erbium. Figure 2 (a-c) shows the simulated field profile of transverse electric (TE) polarization resonance mode, which are identical for all the devices at different wavelengths. Figure  2(d) shows typical TE broadband transmission spectrum of a YSO nanobeam resonators showing a resonance in the photonic bandgap. Figure 2(e-g ) plot the resonances close to the target atomic transition of Pr, Nd, andf Er ions. The measured resonance quality factors range from 3,000 to 27,000, which are highest reported to date for devices fabricated using focused ion beam. 23 
COUPLING OF RARE-EARTH DOPANTS TO A YSO PHOTONIC CRYSTAL CAVITY
The cavity resonance initially at 880 nm was tuned to 883 nm Nd transition by gas injection into the cryostation while the sample was cooled to 3.6 K. When coupled, enhanced photoluminescence and reduced lifetime from 290 µs (cavity off resonance) to 70 µs were observed. The lifetime in bulk samples was 250 µs. Factoring in the branching ratio of the transition of 5%, this corresponds to an ensemble averaged spontaneous emission rate enhancement (Purcell Factor) F∼70. The maximum enhancement for ions positioned in the maximum field in the cavity is then estimated to be F=200, based on the fundamental mode field profile given in Fig. 2(a-c) .
OPTICAL STORAGE BASED ON STIMULATED PHOTON ECHOES
Two-pulse photon echo experiments were performed to extract optical coherence time T 2 of the Nd ions in the cavity. We measured T 2 ∼100 µs for the coupled ions in the nano-resonator at 3.6 K temperature with 300 mT applied magnetic field, which agrees well with the T 2 measured in the bulk sample. We then demonstrated multi-mode optical storage in our nanophotonic cavity using stimulated photon echoes. 25, 27 An arbitrary 3-bit pulse sequence (i.e. 101 or 110) followed by write and read pulses was sent into the cavity. As shown in Fig. 3 , multiple photon echoes resembling the time-reversed input pulse sequence were emitted after the read pulse. An additional echo at 7 µs was produced by the write and read pulses, which did not contribute to the data storage. Current data pulse widths were limited to 200 ns by the rise time of our acousto-optic modulators (AOM). In principle, by using much narrower pulses (∼10 ns), storage of longer bit length (∼6 bit) can be implemented using our device.
QUANTUM STORAGE BASED ON ATOMIC FREQUENCY COMBS
Furthermore, we are implementing atomic frequency combs (AFC) storage in the nano-resonator. First, the ground state was Zeeman split by 20 GHz using 300 mT applied magnetic field. An AFC was prepared by exciting the cavity with a train of 0.7-µs intense pulses for 1 ms, which frequency-selectively removed ions from the ground state. The AFC was prepared by optically pumping the ions into the long-lived (∼60 ms lifetime at 3.5 K) Zeeman state. Note that the optical pumping efficiency, measured by the percentage of ions that can be removed from the ground state to the Zeeman storage state, is strongly determined by the ratio of the Zeeman lifetime to the excited state lifetime. A higher ratio increases the optical pumping efficiency. The Purcell enhancement in the Nd:YSO device resulted in a significantly shortened excited state lifetime, which helped to achieve an efficient optical pumping and higher contrast of the frequency comb. The frequency spacing of the comb was 1-4 MHz, resulting in a storage time of 250 ns to 1µs with low noise. Coherent pulses attenuated to the single photon level were used to characterize the quantum memory. We currently measure a storage efficiency on par with a bulk crystal Nd:YSO memories that is millimeters long. A memory-compatible entangled photon source based on a Lithium Niobate thin sheet cavity could in principle interface well with this Nd:YSO device. High-fidelity quantum storage of the entangled state has been demonstrated in bulk AFC memories, 29 which is expected to work with our nanocavity device. 
